Strict environmental restrictions force the aquaculture industry to guarantee optimal water quality for fish production in a sustainable manner. The implementation of anammox (anaerobic ammonium oxidation) in biofilters would result in the conversion of both ammonium and nitrite (both toxic to aquatic animals) into harmless dinitrogen gas. Both marine and freshwater aquaculture systems contain populations of anammox bacteria. These bacteria are also present in the faeces of freshwater and marine fish. Interestingly, a new planctomycete species appears to be present in these recirculation systems too. Further exploitation of anammox bacteria in different compartments of aquaculture systems can lead to a more environmentally friendly aquaculture practice.
Nitrogenous waste in aquaculture systems
Fish culture is generally practised in open waters. The release of nutrients or nutrient-rich water into the environment leads to eutrophication of the surrounding water. Furthermore, the spread of diseases between wild and cultured animals [1] and the escape of the cultured fish [1] led to an increased demand for closed aquaculture systems. Nowadays, fish aquaculture in The Netherlands is mostly carried out in closed recirculating aquaculture systems. A major problem in these systems is the maintenance of a constant and optimal water quality [2, 3] . The most important pollutants in these systems are nitrogen compounds, mostly in the form of ammonium, which is produced in high amounts by cultured fish as a consequence of their high-protein diets [4] . The removal of ammonium from the aquaculture system is important since ammonium is toxic to fish. The concentration of ammonium, nitrite and other toxic compounds in the water can be kept at low levels by water exchange, which consumes large volumes of water [5] and is therefore very expensive. In addition to economic reasons, strict environmental legislation on concentrations of different compounds, especially ammonium and nitrite, in the effluent water [3] forces the aquaculture industry to invest in more efficient nitrogen-removal systems.
Most aquaculture systems use biofilters to lower the concentration of nitrogenous compounds in the effluent water. In these biofilters, microbial conversion is used to convert ammonium into less toxic nitrate [2] , which is then removed by water exchange. Since the legislation for nitrate release becomes increasingly strict, the ultimate goal of aquaculture is now the complete removal of nitrogen compounds, including nitrate, from the system. Denitrific-ation, the anaerobic conversion of nitrate into dinitrogen gas, is considered by some as the most suitable biological pathway to remove nitrate [5] . However, the need to supply organic compounds that function as electron donors for this process is problematic in many aquaculture settings. Furthermore, intermediates in the conversion of nitrate into dinitrogen gas, especially nitrous oxide, are toxic to fish and other aquatic animals. For these reasons, the application of denitrification in full-scale aquaculture systems is difficult. Another possibility for the complete removal of ammonium is partial nitrification followed by anammox (anaerobic ammonium oxidation). This simultaneous activity has been shown already for both natural and man-made ecosystems [6] [7] [8] . Bacteria performing anammox oxidize ammonium under anoxic conditions by the use of nitrite, which yields dinitrogen gas. The process does not consume oxygen and is therefore 50% less oxygen-demanding compared with conventional nitrification-denitrification processes [9] . Further advantages of the anammox reaction are that it does not need an additional electron donor for the removal of ammonium [10] and the fact that no toxic intermediates are released into the water.
In the present paper, we briefly review the role of anammox in biofiltration in aquaculture systems. Furthermore, we discuss the possible origin of the anammox bacteria in these systems. It also appears that aquaculture systems can be enriched in a certain type of anammox cells, which possibly form a new subgroup within the known Planctomycetes. We finally suggest some solutions to improve biofiltration in aquaculture systems by the use of the anammox process.
Biofiltration and anammox in aquaculture systems
The existence of bacteria performing the anammox reaction was only discovered in the late 1990s in a wastewatertreatment plant in The Netherlands [11] , and, since then, the process has been shown to play an important role in nitrogen losses in many different natural and man-made ecosystems, including marine ecosystems [8] and freshwater lakes [12] . The presence of anammox bacteria in both natural and manmade ecosystems would suggest that these bacteria can also survive and function in aquaculture systems. There is some evidence for the presence of these bacteria in aquaculture systems.
The first study demonstrating the presence of ammoniumoxidizing bacteria in aquaculture systems was performed by Tal et al. [13, 14] . They were able to measure anammox activity and to visualize anammox cells by the use of FISH (fluorescence in situ hybridization) in an enrichment culture obtained from the biofilter of a recirculating aquaculture system [14] . The first evidence for anammox bacteria in freshwater ecosystems was obtained recently [15] (Figure 1 ). Both studies showed the presence of known anammox species, i.e. Candidatus 'Brocadia' and Candidatus 'Kuenenia' species in the filter systems of aquaculture systems. Interestingly, there were also sequences found that form a subgroup between the anammox bacteria and the other members of the PVC (Planctomycetes/Verrucomicrobia/Chlamydiae) superphylum. The activity of anammox bacteria could not be measured but the use of specific primers targeting the 16S rRNA gene resulted in gene amplification of the anammox 16S rRNA gene [15] . Assays that measure anammox activity directly are usually not applicable in these samples since the number of anammox bacteria in aquaculture systems is low; enrichments are needed to actually show anammox activity. The low population density is probably caused by the high aeration in most aquaculture settings. Most biofilters are developed for efficient nitrification, the conversion of ammonium into nitrate, which is oxygen-dependent. Anammox bacteria are inhibited by the presence of oxygen [16] , but can be detected in the aerated systems [13, 15] . They are probably present in the anoxic zones of aerated biofilters. For example, in trickling filters, where water is pumped through the filter without additional aeration in the filter tank, an oxygen gradient is formed by the activity of oxygenconsuming organisms.
However, also in highly aerated filter systems, anammox bacteria can be detected by PCR ( [15] , and M.A.H.J. van Kessel, personal observation in carp aquaculture systems). Also in these systems, zones with low oxygen concentrations exist, and the anammox bacteria most probably reside in the biofilm present on the filter material. Oxygen-free zones are created by the oxygen consumption and limited penetration of oxygen through a bacterial biofilm, since it is assumed that oxygen cannot penetrate a bacterial biofilm further than 100-200 μm [17, 18] .
The existence of different nitrogen-cycling bacteria in a biofilm has been elegantly demonstrated [19] . Ammoniumoxidizing bacteria, which consume oxygen, were located on the outside of the biofilm of a rotating biological contactor treating ammonium-rich leachate. Anammox bacteria were found to be located inside the biofilm, in places assumed to be oxygen-depleted. Furthermore, nitrite-oxidizing bacteria were present in the same biofilm [19] . The presence of ammonium-oxidizing bacteria near anammox bacteria has a second great benefit, since these organisms supply the nitrite by the oxidation of ammonium. Nitrite is required by anammox bacteria to oxidize ammonium and is generally only present at low concentrations. In aquaculture systems, anammox bacteria are probably simultaneously active with ammonium-oxidizing bacteria or archaea. This simultaneous activity has been shown already in other ecosystems, both natural and man-made [6] [7] [8] 20] . The coexistence of ammonium-and nitrite-oxidizing bacteria and anammox would be ideal in a biofilter for aquaculture systems.
Anammox in fish intestines
Biofilters generally have short solid-retention times and high fluxes of water. Despite the slow doubling time of anammox bacteria [21] , activity has been measured in biofilters with a short solid-retention time and was found to be the to biofilters with a long solid-retention time [22] . Therefore Lahav et al. [22] hypothesized that the biofilters of the recirculating aquaculture system they investigated were seeded by anammox via another source within the aquaculture system. The most plausible source would be fish faeces which are released into the water and contain very high numbers of bacteria. Indeed, anammox bacteria were present in the faeces of sea bream as shown by FISH analysis [22] . Also, the faeces of common carp (Cyprinus carpio L.) contain anammox bacteria, as shown by PCR analysis using specific primers targeting the 16S rRNA gene of anammox bacteria (M.A.H.J. van Kessel, unpublished work) ( Figure 1) .
The studies mentioned above, showing the presence of anammox bacteria in fish intestines, are the only proof for the presence of anammox bacteria inside a vertebrate body known to date; the presence of anammox bacteria in the fish gut has not been investigated in detail. To date, the composition of the intestinal microbiota of fish has been studied for a long time and culture-dependent methods were often used. However, owing to the long division time and the inhibition by oxygen, it is difficult to show the presence of anammox bacteria using these methods. Nowadays, culture-independent studies, mainly surveys of the 16S rRNA sequences in the investigated systems are becoming increasingly important, despite the constant validation and development of new primers targeting the 16S rRNA gene. Planctomycetes show mismatches for the primers targeting general bacterial 16S rRNA [23, 24] . However, it was shown that the microbiota of fish intestines comprised planctomycete sequences [25, 26] . Molecular analysis could not be done in great detail as these sequences were relatively short, which makes it difficult to conclude whether the sequences obtained were truly anammox-specific. Other aquatic animals, mainly invertebrates, appear to harbour Planctomycetes in their intestines [27] as well, or are otherwise associated with Planctomycetes [28] . Planctomycetes have also been shown to be associated with kelp [29] . However, these sequences often belong to one of the other orders within the Planctomycetes [27] , indicating that the Planctomycetes are a highly diverse group which can live in association (possibly in symbiosis) with higher organisms.
Planctomycete subgroup
Planctomycetes are highly abundant in aquatic ecosystems, both marine and freshwater [30] . Many planctomycete sequences are deposited in GenBank ® , but almost all are obtained from molecular surveys without culturing. As mentioned above, the investigated filter systems also contained planctomycete sequences which form a different subgroup in phylogenetic trees [15] (Figure 1 ). The function of these organisms and the reactions they perform are not yet known. A study of planctomycete communities in lentic freshwater ecosystems revealed that all sequences sharing 98% sequence identity with sequences from GenBank ® were closely related to environmental sequences and not to cultivated organisms [31] . Taking into account that 46% of the OTUs (operational taxonomic units) displayed sequence similarity <98% with sequences from GenBank ® , it can be concluded that the Planctomycetes from freshwater ecosystems are still poorly known.
Furthermore, the sequences found in the filter systems we investigated ( Figure 1 ) showed low similarity to known sequences, which were all from non-cultured organisms ( Table 1 ). The sequences similar to the sequences in our aquaculture systems were all obtained from freshwater ecosystems, especially wastewater-treatment plants and aquaculture systems [14, 22, 32] from all over the world, including South Korea, China, Austria and France. However, it is difficult to compare the concentrations of possible metabolites for these organisms in the different systems investigated. Not all sequences are supported by publications, so information about the concentrations of nitrogenous and other compounds is scarce. However, sometimes the occurrence of nitrogen removal is explicitly mentioned. In the aquaculture systems we investigated, nitrogen concentration is low. Ammonium was present in the 1-10 μM range, and concentrations of nitrite were below 10 μM. It is very possible that the organisms found in these systems are adapted to low substrate concentrations. If so, these organisms would be much more suitable for the removal of nitrogen from aquaculture systems. More research is needed find out more about the nature of this planctomycete subgroup. 
Conclusions
Since the discovery of anammox bacteria in the late 1990s, their presence and importance has been shown in many different ecosystems. The presence of anammox bacteria in the biofilters in aquaculture systems can be very important to aquaculture industry, since the anammox bacteria can remove ammonium and nitrite, both toxic to aquatic animals, simultaneously. The presence of these bacteria in biofilter systems of different aquaculture systems suggests that anammox can be incorporated in biofiltration. However, these systems may have to be adapted to allow a more efficient growth of anammox cells. These slow-growing organisms are inhibited by oxygen, therefore biofilters in aquaculture systems should have oxygen-minimum zones. These zones should not be fully depleted of oxygen since the simultaneous activity of ammonium oxidizing bacteria is needed for the production of nitrite. The only source for nitrite needed by the anammox bacteria is via aerobic ammonium oxidation. With this partial nitrification-anammox system, nitrogenous waste can completely removed from the system in an environmentally friendly manner, since nitrogen gas is formed without the need for an additional electron donor. Furthermore, the presence of anammox bacteria in the guts of fish could open doors to the seeding on biofilters with anammox bacteria. If conditions are created in which anammox can grow on biofilters, biofilms inhabiting ammoniumoxidizing, nitrite-oxidizing and anammox bacteria can grow themselves. Finally, the presence of new planctomycete sequences in these systems can lead to the discovery of new organisms suitable for biofiltration. However, the nature of these organisms has to be investigated further, since their metabolism and function remain unsolved to date.
Biofiltration in aquaculture remains an important research topic for the near future. Implementation of novel fundamental knowledge into new technology may help to optimize the management of nitrogenous waste in aquaculture.
